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Abstract
Fukuyama inner harbor is an enclosed bay located in the western Seto Inland Sea of Japan. This area has many serious problems,
such as outbreak of malodorous gas, raw scum, eutrophication and blue tide. The purpose of this study is to propose a valuable
method for remediation of organic matter enriched coastal sediments using granulated coal ash (GCA) for the restoration of water
environment in the bay. Field experiments were carried out to evaluate the suppression of nutrients, malodorous gas, and raw
scum by GCA, as well as to understand the restoration of biological environment. Covering layer of GCA on the sea bottom
sediment of the harbor was constructed by a crane ship. Three experimental sites (each 1800m2) were constructed with different
GCA layers (70cm, 50cm, and 30cm) and a control site was established. The improvement effects of covering layer made by
GCA were evaluated by field observations. The number of outbreak of raw scum on the water surface decreased after covering
GCA on the bottom sediment. It was also confirmed that the concentration of malodorous components gas of the experimental
sites was lower than that of the control site. These suggest that GCA has a capability to reduce the malodorous components and
raw scum. From our findings, it can be concluded that GCA covering work is valuable for improving water and sediment
environments in the bay. And it provides an effect method to mitigate the organic matter enriched coastal sediment problems.
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1. Introduction
Fukuyama inner harbor is an enclosed bay located in the western Seto Inland Sea of Japan. Excessive amounts of
organic matter enriched sediments have accumulated around the innermost area of the bay due to the outfall of
domestic wastewater. Phosphates are released by the decomposition of organic matter existing in the sediment (Lee
et al., 2000). This area has many serious problems, such as outbreak of malodorous gas, raw scum, eutrophication
and blue tide. It has been confirmed that these problems are partly caused by the decomposition of organic matter in
the sediment. Many methods, for example dredging, have been proposed for the restoration of water environment.
However, they entail a lot of costs. Recently, the method using granulated coal ash (GCA) is widely used for sediment
remediation (Fujiwara et al., 2009). It has been proved that GCA can absorb the compounds of phosphorus, nitrogen
and sulfur (Asaoka et al., 2009). Moreover, the decomposition of sediment can be enhanced by GCA (Hibino et al.,
2006). The purpose of this study is to propose a valuable method for the restoration of water environment in
Fukuyama inner harbor using GCA.
2. Materials
2.1. Granulated Coal Ash
GCA was manufactured by mixing coal ash powder with a small amount of cement and adequate amount of water.
The size distribution of GCA was similar to that of gravel. Picture 1 presents physical appearance of GCA and coal
ash. Since the main material of GCA is the coal ash achieved from the coal-fired power generation, therefore it is
expected that the environmental loads resulting from industrial wastes will be reduced if GCA was used. Moreover,
it is considered that it may be possible to transform GCA into an effective resource for treating organic matter
enriched sediment. If it is possible to effectively remediate the organic matter that negatively affects the environment,
the enormous costs for the disposal of sediment will be reduced considerably.
2.2. Physical Properties of Granulated Coal Ash
GCA consists of particles that ranged from coarse sand to gravel. The mean diameter of GCA is approximately
20mm. Moreover, the particles is a porous material which has a small specific gravity. The particle density of GCA
ranged from 0.8 to 1.1 t/m3 in dry condition, and 1.0 to 1.4 t/m3 in wet condition. It has been reported that GCA was
able to adsorb phosphate and hydrogen sulfide (Asaoka et al., 2010). And, it has already been reported that there is
no elution of heavy metal from the hardened material made of coal ash (JSCE, 2009).
Picture 1. (a) Physical appearance of GCA; (b) Physical appearance of coal ash.
Table 1. Chemical component of granulated coal ash.
Chemical Component Percentage (%)
Silicon dioxide SiO2 44
Aluminum oxide Al2O3 13
Calcium oxide CaO 21
Carbon C 9
Others - 13
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2.3. Components of Granulated Coal Ash
Coal ash is obtained by burning the coal comprised of plant origin; thus, the components of coal ash were mainly
formed by the combination of plant elements under oxidation condition. Table 1 presents the chemical components
of GCA. It can be seen from Table 1 that GCA principally consisted of silica (SiO2), calcium oxide (CaO) and
aluminium oxide (Al2O3). These components are known to be significantly involved in the purification of sludge in
reduction condition. As GCA was formed by mixing coal ash with a small amount of cement, GCA contained calcium
oxide that has strong influence on the coagulation of suspended particles. In addition, since some components, e.g.
silicon and calcium, elute when GCA was used in water, increase in pH, and the exuberation of diatom will occur
(Fukuma et al., 2009).
3. Methods
3.1. Condition of the Field
Picture 2 depicts the condition of water surface in Fukuyama inner harbor (Japan). Organic matter enriched
sediment has thickly accumulated on the sea bottom, and high concentration hydrogen sulfide has released from the
bottom sediment. Therefore, this area had many serious problems. Furthermore, the sea bottom environment became
a bad condition for marine creatures due to the low-oxygen condition in sea water resulted of oxygen consumption
by hydrogen sulfide.
Picture 2. (a) Outbreak of raw scum on the water surface; (b) Outbreak of blue tide on water surface (Fukuyama inner harbor, Japan).
3.2. Field Test Method
Field experiments were carried out to evaluate the suppression of nutrients, malodorous gas, and raw scum, as
well as to understand the restoration of biological environment, when sea bottom was covered by GCA. Test sites
are presented in Figure 1. Covering layers of GCA on the sea bottom sediment of Fukuyama inner harbor were
constructed by a crane ship in April 2011. Three experimental sites (each 1800 m2 in size) with different GCA layers
(70cm (St.1), 50cm (St.2), and 30cm (St.3)) were constructed. The site without covering GCA was used as the
reference site (the control site (St.4)). The improvement effects of covering layer made by GCA were evaluated based
on field observations (e.g. water quality, sediment properties). The observations were carried out twice a year from
2011 to 2013. Furthermore, biological conditions in the experimental sites and the control site had also investigated.
As there was much outbreak of raw scum in spring, an outbreak level of raw scum was investigated by monitoring
in spring for three years from 2011 to 2013. The outbreak of the malodorous gas was much confirmed from April to
September, therefore field works were carried out from April to September 2012. The gas generated from the organic
matter enriched sea bottom was collected and analyzed for determining the amount and component of the gas.
Extraction procedures of the gas are shown in Fig. 2. (a). The hydrogen sulfide concentration was determined using
gas chromatography.
For the observations of GCA layer which constructed, sediment cores made from an acrylic pipe (φ=15cm, 50cm
long) were vertically placed at sea bottom for measuring the pH and oxidation-reduction potential (ORP). Then, the
core samples were collected by divers in each observation time. This method allowed to take an undisturbed samples
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of GCA layer. The pH and ORP (PS-112C, RM1; TOA Electronics, Ltd., Tokyo, Japan) of the samples were
measured at 15 cm depth from the sediment surface.
Then the GCA layer samples at the experiment sites and surface layer samples (0-10 cm) at the control site were
packed in plastic bags by divers for measuring Loss on Ignition (IL) and n-hexane extract. The bags were handled in
such a way as to avoid exposure to air to prevent oxidation. Samples were kept in dark and cool temperature during
transportation to the laboratory.
Divers collected the pore water of the GCA layer. To accomplish this, divers set pumice stones (L=10 cm) with
combined silicon tubes in the middle of the GCA layer. After a few days, they sampled the pore water using a syringe
connected to the silicon tubes. The pore water of control site sediment was collected by centrifugation (3,000rpm,
20min). Samples of pore water were kept in the dark at a cool temperature until analysis. The concentrations of NH4-
N and PO4-P were determined by standard methods (American Public Health Association et a., 1989) using an auto
analyzer.
Fig. 1.Map of the western-Seto-Inland Sea and the point of field experiments.
Fig. 2. (a)Collecting method of nutrients, malodorous components gas; (b) Collecting method of benthos in experimental sites
St.1 St.2 St.3




GCA site GCA site
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There were no benthos in the bottom sediment in the bay. Thus, two experimental sites were constructed using
GCA with a steel container (each height 30cm (St.5), 60cm (St.6)) for benthos to reduce the influence of the bottom
sediment. The containers were placed at sea bottom from April to September 2012. Benthos samples in the
experimental sites were collected in a steel container (30 cm × 30 cm) that was set on the GCA layers. The collecting
method of benthos in experimental sites is as that shown Fig.2. (b). Samples were sieved with 1-mm mesh, and
organisms on the sieve were then identified.
4. Results and Discussion
4.1. Change in outbreak of raw scum and malodorous gas
Occurrence level of raw scum was defined in 5 levels, as shown in Table -2. Before the application of GCA,
occurrence level of raw scum was level 5. After GCA application, the level of raw scum sharply decreased in the
experimental sites. Changes in the outbreak of raw scum in the Fukuyama inner harbor are shown in Fig. 3.
Concentration of malodorous components gas from the sediment are shown in Fig. 4. (a). The gas in the control site
(St.4) were fluctuated in the range of 0.05-0.28 mL/cm2/hour. While on the other hand, the gas in the experimental
site (St.2) were fluctuated in the range of 0.00-0.25 mL/cm2/hour. The concentration of the gas in the experimental
site were lower than that in the control site. The concentration of hydrogen sulfide in the experimental sites was
reduced after the application of GCA (Fig.4. (b)). The concentration was maintained under 40 ppm for more than
one year in the experimental site, while the hydrogen sulfide concentration in the control site ranged from 0 to 100
ppm. These results confirmed that raw scum, and hydrogen sulfide from the bottom sediment was suppressed by
covering GCA.
Table 2. Occurrence level of raw scum.
Level Outbreak of raw scum occurs
1 In the several places
2 In the small area
3 In the about half area
4 In more than half of the area
5 In the whole area
Fig. 3.Canges in the outbreak of raw scum in Fukuyama inner harbor.
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Fig. 4.(a) Concentration of malodorous components gas; (b)Concentration of hydrogen sulfide from the sediment.
4.2. Changes in sediment properties
Shortly after the application of GCA, the pH of sediment in experimental sites sharply increased from 6.8 (Initial)
to 8.8(St.1), 8.1(St.2), and 7.6(St.3). It then gradually decreased to 6.8-8.8 over two years, whereas the pH of sediment
in the control sites varied in a range of 6.8-7.1(Fig. 5. (a)).
In eutrophic coastal seas, sediment pH is generally low, due to production of organic acids accompanied by the
decomposition of organic matter. The sediment pH in the initial condition ranged from 6.6 to 6.9, and it ranged from
6.8 to 7.1 in the control site throughout the experiment period. On the other hand, an increase of sediment pH was
observed by the application of GCA in experimental sites. It is thought that this was due to the hydrolysis of calcium
oxide from the GCA. The pH in the experimental sites after the application of GCA was close to that of seawater,
and so it can be said that the GCA worked as a form of remediation of the coastal sediment.
In general, a sharp increase in pH might have a negative impact on benthic organisms. However, the pH just after
the application of GCA was gradually decreased. Therefore, the effect of pH increase on the organisms by the
application of GCA appears to have been negligible in this experiment.
The ORP in experimental sites was relatively higher than the control site from 2011 to 2013, which may be partly
due to the decrease in concentrations of hydrogen sulfide (Fig.4. (b)). Since the mean grain size of GCA was large,
the void ratio in the experimental sites was high. As a result, water exchange capacity in the GCA layer was high. In
other words, the oxygen supply from the water column to the sediment was accelerated in the experimental sites,
when the concentration of dissolved oxygen in the bottom layer of the water column is high, which may have led to
an increase of pH.
The IL of the sediment in experiment sites seems to be lower than that of the sediment in the control site (Fig. 6.
(a)). And, n-hexane extract of the sediment in experiment sites seems to be lower than that of the sediment in the
control site (Fig. 6. (b)). These results suggested that IL and n-hexane extract of the bottom sediment were suppressed
by covering GCA.
Fig. 5. Temporal changes in (a) pH and (b) ORP.
After GCA application
After GCA application
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Fig. 6. Temporal changes in (a) IL and (b) n-hexane extract.
Fig. 7. Temporal changes in (a) PO4-P and (b) NH4-N concentration.
Phosphate concentration ranged from 0.0 to 8.0 mg/L in the experiment sites, while it ranged from 8.0 to 16.0
mg/L in the control sites (Fig. 7. (a)). And, ammonium concentration ranged from 7.0 to 105.0 mg/L in the experiment
sites, while it ranged from 11.0 to 150.0 mg/L in the control sites (Fig. 7. (b)).
It has already been demonstrated that adsorption of phosphate by GCA occurs within a wide range of pH (Asaoka
et al., 2009). Thus, the decrease of phosphate concentration is the chemical reaction to the formation of calcium
phosphate. Phosphate in the pore water of organic matter enriched coastal sediments is mainly released into the water
column by diffusion. Thus, the decrease of phosphate concentration in the sediment can result in the suppression of
phosphate release, which in turn may contribute to a reduction in the eutrophication of a coastal sea.
Previous studies from batch and container experiments revealed that GCA could reduce phosphates and hydrogen
sulfide, in this process, manganese oxide contained in the GCA oxidized the hydrogen sulfide to sulfur (Asaoka et
al., 2012).
4.3. Changes in benthos
The species number of benthos increased after the application of GCA (Fig. 8 (a)). The individual number of
benthos increased in the experimental site (height 60cm (St.6)) to the level of 1000 inds container after the application
of GCA, while there was no benthos in the control site (Fig. 8 (b)). In addition, when the ground elevation was raised
by GCA from 20cm to 30cm, it was confirmed that both Annelida and Arthropoda have lived in the sediment. This
suggests that biological environment is improved after the application of GCA. It was considered GCA can absorb





333 Kenji Nakamoto et al. /  Procedia Engineering  116 ( 2015 )  326 – 333 
Fig. 8. (a) Species number of benthos; (b) Individual number of benthos.
5. Conclusions
In this paper, the improvement effects of covering layer made by GCA were investigated by the field observations.
The number of outbreak of raw scum on the water surface shortly decreased after covering GCA on the bottom
sediments. It was also confirmed that the concentration of malodorous components gas, such as hydrogen sulfide,
and ammonia of overlying water in the experimental sites were lower than that in the control site. These suggest that
GCA has a capability to reduce the malodorous components and raw scum. Moreover, the concentration of nutrient
salts in the experiment site was relatively lower than that in the control site, indicating that GCA can suppress the
elution of nutrient salts from the bottom sediment. The number of benthos in the experimental sites was also found
to be higher in comparison with those in the control site, suggesting the improvement of biological environment by
the covering GCA. It was considered that the elution of GCA components (e.g., CaO, SiO2) may play an important
role in improvement of water and sediment environments.
From our findings, it can be concluded that GCA covering work is valuable for improving water and sediment
environments in the bay. And it provides an effect method to mitigate the organic matter enriched coastal sediment
problems. In addition, the use of GCA is expected to contribute to the development of a recycling-oriented society.
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